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AN ANALYTIC APPROXIMATION TO

VERY HIGH SPECIFIC IMPULSE & SPECIFIC POWER
INTERPLANETARY SPACE MISSION ANALYSIS

-:" Craig Hamilton Williams"

A simple, analyticapproximationis derivedto calculatelriptimeendperfonnancc
forpropulsionsysten_ of veryhigh.specificimpulse(50,000 to 200,000 seconds)
andveryhigh specificpower(10 to 1000kW/kg)forhumaninterplanetmyspace
missions. Theapprosohassumedfiekt-freespace, constant_ specific

-"" power, andnear straightline (radial) trajectoriesbetweentheplanets. Closed form,
one dimensionalequationsof motionfor two-burnrendezvousandfour-bumround
tripmissionsarederivedasa functionof specific impulse,specificpower, and

" propellantmassratio. The equationsarecoupled to an optimizingparameterthat
.. maximizesperformanceand minimizestriptime. Datageneratedfor hypothetical

one-wayandroundtriphumanmissionsto Jupiterwerefoundto bewithin 1%and . .
: 6% accuracyof integratedsolutionsrespectively;verifyingthatfor these systems,

credibleanalysisdoesnotrequirecomputationallyintenqivenumericaltechniques.

INTRODUCTION

. Throughcountlessmillennia,mankindhas venturedto unknownworldsinthe pursuitof wealth,
-- knowledge,freedom,adventure,andinternationalprestige.Todate,humanexplorationofspacehasbeen
. primarilydrivenby the pursuitof internationalprestige. _ of thehighcost endlong_4ptimesas_¢iated

with humaninterplanetaryexploration,suchendeavor_areexpectedto :-_ unattractiveto anypotential
-_ sponsorotherthanthegovetmnentsof the mostfinanciallycapableandtechnologicallyadvancednations.

: While it is difficultto imaginea low cost solutionto humaninterplanetarytravel,far-termtechnic,allyfeasible
_ .. conceptsdo exist thatcould significantlyreducethe expectedlongtriptimes. Thiscouldobviate largerand• 't

more complexspacecraft,higher operationscosts, inordinatelylongreturnon investmenttimescomparedto
commercialventures, and theunappealingsacrificeof the spacefarer'spersonaltime. Conventionalchemical,
and nearer-termelectricandnuclearfission propulsiontechnologieswould requiremulti-yearround-triptimes

-"' to even the closestplanets. Althoughlong durationmissionshave been the normforunmannedprobes, they
representa real hardship forhumantravel. Moreadvancedpropulsion technologies,however,could provide
trip timescomparableto someconmaeroialterrestrialoperations--- several weeks,perhapseven days. As D.
Cole pointedout in his 1959paperon minimumtriptime travelto theplanets, theevolutionof terrestrial

..' propulsionsystemshas been fromthe inexpensive "minimumenergy"sailingvessels to the more costly t

-'" "minimumtime" aircrafti. Advancedspacepropulsionsystemscouldcatalyzefuture interplanetarytravel
".-: predicatedon theprivate,not public, sectormaxket.High specific impulse(IaJ/higbSlX.'cifi¢power (a) systems
" couldaccomplishthisby traversingalmoststraightline trajectoriesbetweenplanetsdueto theirexpected

abilityto generatelargeaccelerations. Thesepropulsivetechnologies,unfortunately,are well beyondnear-
term feasibilityandrequiresolvingsome formidabletechnicalchallenges.

I
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Because of the technological immattmty and perceived remoteness of these advanced propulsion
concepts, most human interplanetary mission .studieshave been predicated on trip time and propul.'fion .system
performance data generated by analysis tools designed to model either I.flimited sy._ems (high thn_st)or a-
limited systems (low thrust). As a result, high I,Jhigh a technologies are infrequently studied and therefore
have few analyti_ tools designed to mad_l them. Fortunately, due to the nature of their operation, simple
aaalytj'cal _ucs can pmvid_ reasonably accurate estimates of their mission travel times and performanc,_
capabilities, _ simple, first-ordar analytical methods can greatly assist in focussing dexelopmer_ of
roquisite precursor technologies. Very high thrttstpropulsion _ystcm_ ::-uld produce acceler,.'io_s greater fl__
the local a_eleration due to solar gravity at Earth's orbit (0.6 E-3 g). The normally thought-of conics of
minimum energy trajectories degenerate into ,straightline transfers at these acceleration lcvcig A'Tmld-free
spa_" apla'oxtmafion e,an then be invokefi to greatly simplify th_ usually complex orbital mechanics. Gravity

: losmm and optimum steering _ can be neglected without introduem# too much on-or, otma_g the need
: for c__iy intensive, numeric,ally integrated solutions to support a proof of concept analysis. As a
•' result, an analytic olosed-fornl solution can be derived that 0alcula_ minimized trip time and maximized

• - performance capability in a single equation (or at most two).

.: An e_ literaturesearchsurfacedthreepublishedapproachesthat solve only selectportionsof

: this problem for a constant thrust engine; though it is also worth noting that a few papers have also been
written on the simpler to analyze, constant acceleration (variable thrust) device t. During the 1950's, H.
Preston-Thomas of the National Research Council of Canada derived several one dimensional velocity

" equations 2. Found just prior to the publication of this paper, Preston-Thomas' work contains trip time
relations, but sparse derivations and few equations of motion made assessment oftho approach difficult.
WolfgangMoeckeloftheNASA LewisResearchCenterdevelopedasimpleanalyticapproachusingaone
dinmnsiomfl "flat solar .%-stem"model to calculate trip time using the quoti_t of velocity and distanc_ during

i the 1960's 3. High and low thrust systems were Reated separately; the high r_aa_strelations based on vehicle
AV calculated by the classic rocket equation, the low thrustrelations based on the time integral o_ accelera;ion
squared equation (".r' parameter), modified to optimize engine-on time. Moeckel's approach had the advantage
of extreme simplicity with reasonably good accuracy. However, the segregation of his_ and low thrust systems

into separate equations did not illustrate the explicit dependence of trip time as an function of only distance, I,_,
,: ar.:l a in advanced very high I_,/veryhigh a systems.

Prof_r Dennis Shepherd of Cornell University developed an alternate approach in the 1960's _.
Based in part on some earlier work by Ernst Smhlinger, Shepherd's approach used a one dimensional, finite
bum model (continuous thrusting with no coast phases). He derived a closed-form equation for distance
traveled in field.free space by an accelerating rocket at constant thrust in terms of I_,, a, and trip time. The ..
classic rocket eqtmtion served as the starting point, later incorporating an optimizing parameter to maximize
performance and _ trip _ One advmtage of Shepherd's finite bum approach was a more

.: conservative representation of one dimensional motion. More important, however, was the explicit
appearance of I_ with a in a single equation optimized for payload and trip time, thus providing the analyst

' with a convenient way of evaluating the relative effect of distance, I_, and a on trip time for any mission
: distance. The main limitation was that the relation was valid for one-way flyby missions only, where the

spacecraR would not rendezvous with the destination planet.
It

" The problem solved in this paper is on extension of Sheph_d's work. Two-bum "rend_zvous" and
four-burn "roundtrip" mission equations of motion are derived with an optimization condition imposed. Each
leg of the trip consists of an acceleration bum from Earth'sheliocentric position followed immediately by a

. deceleration bum (with no intervening coast period) which temfinates at the helioce_ric position of the
desfiiiaEon planet (with zero radial velocity with respect to the stm). The transfers are assumed to originate and
terminate outside the effective planetary gravity wells. These one dimensional straight line approximations
along the heliocentric radius vector closely resemble numerically integrated solutions (Figure 1).

• 2
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APPROACH

' Reviewand Reformulationof the Solution to the One-Burn Flyby Problem

Sheph_crd's4approX._,wfl!bebriefly __J__Eatth _

• _mgmmatiz_Thebasic rocketequation far a

AV c 1 1- cln(1-X) q 'I

M,) o..Way ;!
Rendezvous

,. (I) (Numoric_lly
Integrated)

Themassbalancerelationis givenby:

Mp + M s = M I - Mpay One-Way
(2) Rendezvous

(_.alyti_ly

Rearrangingtermsof themass equationyields: Approximated)

Destination
(3) Planet Orbit

_ Sabstitating forthe propellantmassratio into i_"igur¢ 1: Continuously Thrusting Trajectories
therocketequationyields:

't

AV=cl_ Alp

M, M,
O)

Fromthe definitionsofjet power and specificpower,a _t_ct_'e to propellantmass ratiocan be defined:

=_ p=_[pc2 e Ms c 2a = _ thus: -

:_::_ 2g¢ (5) M_q (6) Mp 2genar (7)
...._.
2==_

::::? 3

.:')

|--_ ,
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Shepherd introduced a parameter he called th_ characteriaiv velocity I_, whic,h upon substitution allows for a
useful expression for the structureto propdlant ma._sratio:

(s) M_ (9)

Substituting Eq. (9) into Eq. (4) yields a relation for payload ratio in terms of AV, exhaust and characteristic
velomti_:

exp ¢
; ,_ (10)

:. Shepherd illusttat_l through a series of plots the implications of such an expression, primarilythe existence of
i anoptimalI_(inwhichthepayloadismaximizad)foraparticularmissionAV. He demonstratedthisby

diffcre_atingtheaboveexpressionwithrespecttotheparameterc/V¢andsettingitequaltozero,Theresult

:: is the optimization parameter:

! exp c I + +I
1-_.

(11)
Shepherd then took the classical distance equation for a single burn, continuously accelerating rocket . .

: (negl_ting gravity losses):

(12) .....

and solved for total distance traveled in time T (assuming zero initial velocity):

]S _[(1-_.)In(1-X)+_.] cT In exp"-T"Av
exp c -I

: (tS_

4

|_
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By substituting the optimizationparameter Eq. (i 1) for the exponentialtens in the denominatorof Eq. (13),
wehavc:

1 _ VJ (14)

At this point, Shepherdconcludedwith discussionof the implicationsof this acceleration-onlydistancc
equation.

Wbat is of primaryinterest is to rewrite¢,hepherd'ssingle burn flybymission distanceequationinto a form
where triptime is explicitlya functionc. distance,I_, anda. Expressing¢ as g_ andrecallingthe definition
of V_, Eq.(14) can be rewrittenasa quadraticin T:

Solvingfor triptime via the quadraticformula:

k 2arl) arl

Wha_ onlythepositiwradicalterraismeaningful.

Shepherdcl_n_L_trat_dthatc/V¢haslimitsof=0.505<=c/V_<--l.O,wherethelowerlimitcorrespondstoa
: zeropayloadratioandtheul,i,,.=limitcorrespondstoapayloadratioofunity.Theselimitsareamanifestation

ofimposingtheoptinuza"tionparameterontherocketequation.Sincethepayloadratioisafunctionofc/PC
andAV/c,andAV/cisafunctionofonlyc/Pc,specifyingc/Pcisequivalenttospecifyingapayloadratio.
Sircec]_ issolelyafunctionofT,I_,and¢z,payloadratiocanreplaceoneofthesethreevariables.For
example,itwasconvenienttoexpressthelin-ntinga---f(I_,S)forthezeropayloadratiocase:

c _ g/w _ 0.505 for MwY - 0

07)

therefore al_n =

2(0'505)2tiT (18)

5
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SubmitntingEq.(l8) into Eq (I6) andselectingthemm_ingfulrootre.mRsin an equationfor the limiting trip
flint;

%- !68__Cs
gJ,, 09)

Thus the minimumtriptime fora singleburn flybymissionwithnegligiblepayloadandoptimal a earle:;
linearlywithdimanc¢and inverselywith I,_ "[hcoptimala can then be calculatedfromEq. (18).

Derivation of the Solution to the Two-Bum Rcadczvom Problem

Unlike tileone-bum flybymission, the rendezvousmission wouldincludeadecelerationbta_ to
reduo¢thesun-relative radialvelooityto zero by the timeof arrivalat the destinationplanet. The rendezvous
mission also presupposedtheutilizationof in siturcsotw¢_ at the destinationpit,net to rcfu_.lthe propulsion
system,since the vehicle_ld carryonlyenoughpropella_ fora one way trip. A modifiedrocketequation
to model the decelerationbum is first needed. Shepherd's time dependentformof the constantmass
flow/oonslantthrustrocketequationfor the accelerationbum ( 0 < t <= tt) was:

: (20)

Therefore, a new decelerationbum (h <=t < h ) velocityfunctioncan bo modeledsimilarlyas:
[--,,

-:, (21)
I

Vt is the velocityat the turn aroundpoint. Thispoint is vclam_the ve2aiel¢termimaes acceleration,rotates 180
de.grccs,andcommon_ thedecelea_ion bura The logarithmicterm, therefore,is a negative or"braking"
AV. The distanceand accelerationexpressionsfor thedecelerationphase an: easily derivable. To integratethe
logarithmicterm, the followingsubstitutionis convenient:

'0

"-"¢' X ( t-tl I du _ -_'2
dt t:-t 1k'z-'l/

(22)

t u

' -x( '-',i ,_, r
S,(t) - V,fdt + lnl :kt_-t_) - V'(t-tt)+ gJ* "_"1llnu du,, _-,x2J

t! |
(23)

_-L 6
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Completing the integration result_ in an _lt_tion for deceleration distance as a ftmetton of time:

= Vz(t--'tt) - geI_(t2-tI)[( "_ t-t, lid t-tts (o

Taking the time derivatives of the velocity equations result in the acceleration and deceleration cqunlion_ a_ _l
function of time:

,,"

,fit(t) gJw_.t A2(t) -dv'2(t) -gclsp_, 2

" At(t)-dt- [__ t] dt - [ t-q]ttl tZ (25) (t2-t')[1-_'2t-_l] (26,

A representetive plot oft.he position, velocity, and Continuous A eeeleration/Deeeleration Mission
acceleration expressions for an example minion are constantTlmm, h'p,&Power
illustrated in figure 2. Example: lsp=50,000 see and Alpha= 100 kW/kg

A total diaance equation can be formed and the )v, 1

convenient variables by insertingknown relations and _.*

constraints.The total distance traveled is merely: ],..0

S = St + S2 (27) - ,: z ,0
t._-¢( r i

The magnitude of the velocity at end of the acceleration t_,_!............................... _ .................. ,;

j '*

., V1 = -gJ, pln(l-)q) (28) "_'__ ................ ,_
o )0 _o )o ,tO _o

_a._

It isreasonable to assume that the magnitude of the _._. )IE*2 .............

change of velocities will be equal: ) i

(29) '° '° '° '0
Figure 2: Position, Velocity, & Acceleration

.:-TA'

..:.."'_;.r ,, .... v "i_;, ' " '-)_'_i i,': _ _-'*"_'=C_-.,_',, ._ ........ .. V , ,.. ...r----,;- --,-- :-,, -...,-- :::,_.._.., _.., .

........... .-.': -' _;_ : ";..... _-.'7"":o-_'_' :':'-" :" " :" _ _'_ * _ '< ._ '_; ' :. :' '.........".:_' _ ...," " ' 'i/" ..... i_............. .! _':_ '-'_: " "_>..:_-,-7"_
:)_ - .... ' ' '; " ' _)' ' ' ' .,k.) , , , . , ....... ' ;?,"_ "':"," _'7," ,_ ,

] 996] 0339]-TSA] 0



Thus,the st_g_propeller _ati._ arecq_l

: z'-%' -z_-M, M,%'-u-z""P' ao)
..'=

, Addingthetwodistanceexpressions(Eqs.(12)and(24),evaluatedattheirrc._ectivetotalburntime_)and
,_ubsti[utingEqs.(28)n_d(30)renulL_m anequalionfortotaldi,qlaneeIraveled:

=.

(311

Thetotaldistancetraveled,S,isthestraightlinedistancebetweentheorbitsofthe_voplanets.Itmaybesetto
" thedifferencebetweenthe radii(shortesthip time)oranyotherdistanceup tothe oppositionof the planets,

Note thatthe decelerationphasepropellantratiowithrespectto theinitialmasscan be written:

JA"

M,
II.d"

_ z2- '"" - - thus '"-m-x)
M,-Mp, M,, 1-_., M,

(32)

:- A relationshipcanbe foundrelatingthetwo bum timesby notin8 thatthe massflow ratesareequal andthat
- . the totalmissiontime is merelythe sumof thetwo burnphases:

'5

Mpl °

%,_ M,,_#,.s t, _ M, _ 1
, L t I t2-t I t2-t I Mp 1 -_.":' 2

; _ M_ (33)

. ARerreplacingtt inEq. (31) withEq. (33), and noting thath is thc total triptimeT, the logarithmic terms
cancel and the distanceequationreducesto:

2-X
, (34)

8

t

,W

O,k_
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This in quite different from the,acceleration-only distealce Eq, (! 3), which is a IoEarithrmc function of X. The
;allplication is that attempting to substitute the optimiT_ti,m paran_eter Eq (I I ) (with iL,Iex])onential function ,ff
&V/c) rata the dt_ance equation, as wa'_done m the one-burn flyby case. will not result in a simple fimction of

distance, In, and _t(since there will not be a clean cancellmion of the intomlediate vm-inble AV/c). The
di_lmee _ _tm_rtiort m'lunttrmnl_" th_ two-bum I:e.nd_.votmc,auetaz well _ the ftatr--hm-_mtmd laiD

it wa_ faired to be ert'_lenl*ohave:X nerve a.'tthe itcralilm parameter, i-_tc-_rncmbcrthat the _. u_icdabove wa_i

i defined n_a .qtn_epropellant ratio It must lirs! be replaced with tht; eqmwk'nt expre.q,uon for ',he total
prolmllan! r0tio, which is implicit in the .plimizing ptaanletcr oqtmlt,n

tJ'"

1-cxp mtw _; _'total _ "- _'._ta_',"t_",_tag."(l -_k_t"t'''),, ,.
M, M, M, (35)

This quadratic in _,, ha.,:a solution of:

-- 1 ± .f(-_'lotat._ 06)

For the cases of interest here, where =0.505<= c/V_<=1.0, only the negative root tem_ is meaningful. Using

': this expression to replace _',m. _ath _ in Eq. (34) yields:

gdj(l-_l- z,o,ot) ( 2s 2or _'totat = 1- l-------""

_._ S= (I+_/I_ Zto.t) ( gJ.,,,T*S
_ i,. 07)

i The optimizing parameter Eq. (11) can be expressed as a function of _, I,p and cxby recalling the definition
of _,from the rocket equation and the definition of e/V, as a function of I,_,ct, and T (Eq. (8)). Substituting
these relations, the optimizing parameter can be rewritten as :

2rla[(1-1,o,ot)In(1-_.,o,ot)-'
(3S)

: Eqs. (37) and (38) are sufficient to solve the two-bum rendezvous problem. By choosing an initial value of
_.tot_and substituting into Eq (38), an initial trip time can be found (From Shepherd, an initial (maximum)

value of0.796812 is suggested. _) The trip time can then be substituted into Eq. (37) to find a new value

'_ of_,_. Repeated iteration using the average of the _t_ values as the new kt_ was found to converge quite

.,, rapidly m most cases,

" 9
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Once a converged solution is found, ._cveraldependent variables of interest can easily be calculated The.fir:;t
; bran propellan! ratio and c/V, can _ calculated from Eqs (36.1and 18) respecttvdy. The .structure, payload

and initial & final thrust-to-weight ratios are then given hy:

- 09)

" Mm'v 1 1.... " - - _'7-' _t,-,talM. ..) s-
14111

F .. ] cX,,,,,,_.. u,.1_x,,o_,.(24.,,,,,,,,)IV g t_ g
(41)

F 1 -cX,,a_,2 g,, I#, ,_.,,,,e(2-_,,aee)

Wf g (t2-tl)(1 -_'aa,.,e2) g T (1 -_,stag¢)2
, > (42)

, , As in the single bum acceleration ¢,as_, Imyloadratios o_a be spoaified and the l_g I_'s _ _'s c_ be
;. calculated The value of the parameter ¢P/_ for _ch corresponding value of payload ratio must b_ lbund first.

This can be accomplished by soling the rocket equation (rewmten in terms of mass ratios) and the
optimization parameter simultaneously atter specifying the desired payload fraction. These equations are

: ,. coupled, but were found to be easily solved by iteration. Shepherd had provided an approximate value of

........ (_,,505.for.ttao-za_o-paytoad.oaso,..Atler.tmte_td-mo_-t. vatues._re_ for anatysis _mrposes.--.For_%- .................. 7i
and 25% payload fractions, the values of e/V_ were calculated to be 0.504976295 and 0.736886943

.. rest., q.tiy..ely..Tl_eyoluo,qf ;L,t,,,rOmtl;t_nbe foua,d by inserting the opgmization parameter Eq.._ 11) into the .......... .
: 0 rewritten rocket equation Eq. (10) (replacing the exponential term), substituting Eq. (36) for the equivalent

AWe term, and mixing for _.,t,w The result is:

:: I( Mlmy] - 11 ):cM.)
_.stageov)= 1- exp

g+l-F, + --y-)
(43)

10
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Otl.e.¢;k,m. i# tmowrl, lhe. optinalma trove| firn._c.aobe.,em3ih'e_a_utats_!frol¢.Eq. (34) The ,_pnmum c_e.an th,:n
be ealelHated from Eq. (g), At thin point, the two-burn problem and the paramelern of mlere,_l ,arc,.;nlv_.d
Thcr_ r_qa*.i,m._,:an I_ manipldalecl by band or en.*_ilyn.q_cmbledj_to a :;hortc_mputcr routine.

Derivation of the Solution to the Four-Barn Round Trip Problem

A .qimilare,el oY+:quation,+were derived lbr a lhlJr-bum round ta4pml+i_;it)n,svhcre th+:.qpa+.',':raft wt,uld ¢;lrlq,all
of Jr++propellant without the uqe of in t+itMprol_llant rmf__lmg. "i-hecquatiul_+ w+:r_;|_JlJntlI_ Iit' :,ullll;tl I,i lit,+
13_,'ti-bnl'll l'Olrld_g_colJg Wli_iOIl+ T_ _I/D-b41m rerndc'z_,o,a: mltt,'iioli t:ttll bt_ lh_)llt0_l! l)l" fltl the: rc.!l,-iih:t' 4d'l_

round trip misakm. Tim w-h_ily _q.atiom ar_ofttm .amg tnrm an the t_,_h.m mabel.n. It,,l,l, |hi.'
n_eim'ation cqualic_n:_ t;incc the outl_mingand returning cli.,;tanee_will be w;:;um,:d I,_t. t,qtml

,/ 7' X , 7'

2'-Xt 2 X:_ (44)

thus ' "ou_o_e. _ X:d2-Xz)

(45)

The relationship.': between trip times and g's must be found. Since the mass flow rates are constant:

Mpl q Mp2

" To,t_om_ _ M, _.]+Xt(1 -Xz)

Treturn Mp3+_¢p4 _,3(1 -_,1 )2 +_.3(]-_,3)(1-_.l )2

" M, (46)

- Equating Eqs. (45) and (46),),_ and _ are thus related by:

_'3-

1-_.z (47)

An expressionfor_'s m termsof).t,_canbefoundsince:

Z,o,o,_M. .+--,+".M"M" : x, -z,)+z,(z-x,)'+z4]-z,)(z-z,)-"
(48)

11
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-i

Sala_it_'a8 Eq. (47) into Eq. (48) insulin in a quadraticexpression for X, in terms of 1,_:

4 2 (49)

Onlythe neg,ative radicalterm is meaningful Notice that this firstbum propellant fraction is half the
' ex'pressionf_t in lhe two-bum rende_wott_case (Eq. (36)).

Finally,the outgoingtrip timecan be expres_d as a fractionof the total round trip time by againnoting that
mass flow rate is constant:

M,+,%
ro.,go,.g_ M_ Zl(2-Xl)

<. T M, +M, +M, +Mp4 X,(2-.X,)+X,(2-3X,)
_,,

,.. M, (so)

, Substituting Eq. (50) into the r.')tmdtrip distanceEq. (44):

i-_':;:" S.o._,- _._o_ = 2gd.,To.,,o, 2 ( 1-_., ji (s_)i
p

i
, As wa_ done for the readez'vo_ case, this can be solved for kt_ using Eq. (49). Foreom,ertience,the distanceI
i eaa be written in terms of S,,,a..,,, ratherthan S,,,,a_ :
I

g:.,r,4s...,....)(s2)
_: Using this equationandthe optimizationparameter Eq. (38), the muad trip missiontrip time can be c_culated
_.- in the same way as was done for the rendezvousease. The c/V,, structure, andpayloadratiosare calculated the
;..__ same as in therendezvous mission(Eqs.(8), (39), and (40)). The optimumfixed payload(_q. (43)) is reduced
:-_-_. by.a factor ofone half as per Eq (49). The tlmast-to-weightratiosare:

_: _ g tt
_o- (s3)

4g.l,pZ -'--- F l -C Xaage4 stag ,rage_W "- -- -

W: g(t4-t3)(1-X.,os.4) g T (1-2X.t.s)2
(54)
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RESULTS

Iterationson the triptime/optimizationparameterequationswere wellbehavedm_iconverged
rapidly. Althoughsem,?lehandcalculationswere notfoundtOb_e0_vfTi_y burdensome,a simplecomputer
routine_'as writtento calculatealmostall of thefollowingdata. As an example,lendezvousandroundtrip
r._i_ions to Jupiterwerecalculated. After thisdatawas gon_at_ the_ mi_ion-_p__¢_ were
c_ _ a_ _ __ _.,eet_ optimizat_mmiuetoinaepeade_y_ _data
ande_mblishthe tirnflsof _lidity of this ¢_m_ach. Thep_ition of Jupiterwasasmm_ to be atmh_um

fromEarth(4.203 AU) atdeparture.Roundtripmissions_asmunedno dwell timeat thedes_ation
amino significantrelativemotionof theplanets. Rangesof In Jrom50,000 to 200.,000sccon&_anda from
IO0to 1000 kW/kgwererepresentativeof whata propulsionsy_ mustoperateatto performmaltl-week/
multi.month_ransfcrsto this nearestof majorplanets. Overallpropulsion_ efli_ was set to unity.
Figure3 illustratesrendezvousndssiontriptimeasa _ of bothI_ andct. A _ Wiptimeto
Jupiterof six weoks,forexample,will requirepropulsiontechnologieswithI_'sof at _ 50,000 secondsand
-'s ofat least 100 kW/kg. ForconstantIn , increasingc_alwaysdeorea_s triptimesmce theen$iaejet power-
out mcreases(and/orthe mtucttwemassdeemams). For constante, incremln$In alwayslengthcnstriptime
a_the propulsionsystemocginsto actmine like a lowthrustele_rio device. In's beyondthe50,000 to
100,000 seeondslevels arec-_oessivefor interplanetaryAV's mless a corresponding(signifiom_)
imprvvementin_ alsooco_-s.ApropulsionsystemenSim_,plmaingtoconduotproofofconcept
experiments,canusethese observationsto readilytrade-offworkon oneparameterfor the otherdependingon
the judgedengineeringdifficulty. Propulsiontechnologyresearchcan thusbe guidedby thelmowiedgeof the
relativemeritof pursuinggreaterthrustvs. greaterpower.

Using thefixedpayloadmassfractionequslious,payloadcontourscanbe supe_impos¢_ontothe In
& o plots as ameansof measuringperformance. Twoperformancelevelswerecalculated,a9% (fastest_p
time)anda25%payloadmassfraction.Other desiredpayloadmassfractionsbetweenthese two valuescanbe
approximatedby interpolation.Greatervalues shouldnot be estimatedin thisway dueto thenon-]inearityof
thefunctic_aasc/V.,,increases. Fortriptimesof approximatelysix weeks,thenmxinnnnpayioedmassfractions
for In'sbetween50,000 aria100,000secondswere 3%to 25% respectively. To halvetriptimes (three
weeks),I_'s wouldhavetobedoubledend_'awouldhavetobe_nprovedbyenorderofmagni_

Figure4 illustratestheresultsfor roundtripmissions,usingsimilarrangesof In anda. Intheround
tripmi-,sion,the spacecraftdepartingfromEarthcarriesall the fuelrequiredto performthe enti_emission. By
observatio_ the data_lustratesthat(_ke terres_el _avel) refue_ngeta destinationis acompe_ng wayto

._ operate. For e-'ample,azero payload/50,000secondln vehiclethatrefuelsata destinationwouldtakehalf
thetime (2 X 40 days)to performthe samemissionas a sameinitialweightvehiclecarryingall of its
pcopellantfromthestart. Thisenhancesthe attractivenessof travelto themajorouterplanetsdue to their
abundantsupplyof potential fuelsandpropellantssuchas hydrogen,deuterium,and helinm-3. These
materialsareplentifidin bothfreemolecularforminplanetaryalmospheresandinbound formson thesurfaces
of theirmoons. Majorplanetswouldnotonlybe destinations,buttransportationnodesas well, supplying
resourcesfor fueL_ropeHantsandhumanconsumptiom

Figure5 and TableI containadditionalrendezvousmissiondata:massfractions,triptimes,and
thrust-to-weightdata for In ffi50,000 secondsplottedas afunctionof c:. ForfixedI,_,as a iacreases,the
amountof propellantneeded inca'easesattheexvenseof payloadfraction.Thestructureratioreachesa

:. maximumatapproximately26%as Shepherdsworkhadpredicted . As triptimeis reduaedby increasinga,
payloadratiobecomesvanishinglysmall. Thn_-to-weight ratiosdepartfromnear¢,onstant ValUeSas O
increases. Fi;.m'e6 andTable2 containsimilardata forroondtripmissions,plottedasa functionof I,r
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Example: Mission to Jupiter (Rendezvous)
Trip Time vs. lsp & Alpha

(M_ized payload ratio, minimized travel time)

100 _ Isp -- 200 k sec

_-- ,, 100 k sec

50 Xse¢5o

i __ 25% load

%

''. 0%

E 20

10 I I ,,I , I I i J,l__ t t i I I t

10 25 50 100 250 500 1,0OO 2,500 5,000 10,O00

Specific Power (kW/kg)
Figure 3. RendezvousMission TripTime

Example: Mission to Jupiter (Round Trip)

" _ lsp ffi200 k sec

2O0 -0--

100 k sec

_. 50 k see

_" m-

50 _'-

11

30 , I , I , , _ il , I , i .... I i I
10 25 50 100 250 500 1,000 2,500

Specific Power (kW/kg)

Figure 4. Round Trip Mission TrLpT'une
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Figure 5. Selected Mission Data

Example: Mission to Jupiter (Rendezvous)
Mass Ratio, Trip Time, & Thrust -to-Weight vs. Specific Power

lsp ffi 50,000 Sec
l_uml l_am2 '_ Fa

0.8 IS0

0.2 ] 0.1! ! 0
: °to _ _o 7s ioo oo 2s so _s 1oo
•, _ _ (kwt_ _ t_ (kwt_

. _0.03 150

; o.o_[ - • .... •
i.. "Q - - - I
"_ --- 0 i I I , ,

-: Table 1. Selected Mission Data

Isp = 50,000 Sec
Specific Time Payload Structure Total 1st Bum c/Vc F/Wt F/Wt
Power (days) Ratio Ratio Prop Prop Initial Final

(kW/kg) Ratio Ratio Accel(g°s) Decel(g's)
10 187.9 0.528 0.200 0.271 0.146 0.860 0.835E-3 0.I15E-2

i

25 97.7 C 282 0=260 0.458 0=264 0.754 0=271E-2 0.500E-2
50 64.4 0.128 0=263 0.609 0.375 0.657 0.548E-2 0.140E-I

75 52.0 0.063 0=246 0.691 0.444 0.597 0.769E-2 0=249E-1

100 45.3 0.028 0=228 0.744 0.494 0.554 0.950E-2 0.371E-I
-it

"" Alpha= 100 kW/kg
Specific Time Payload Structure Total 1st Burn cNc F/Wt F/Wt
Impulse (days) Ratio Ratio Prop Prop Initial Final

(Sec) Ratio Ratio Ac,..el(_'s) Decel(_'s)
50,000 45.3 [ 0.028 0.2.28 0.7_ ] (,.'t94 0.554 0.950E-2 0.371E-I

.- 100,000 79.3 ] 0.468 0.219 0.313 I, 0.171 0.83'7 0.457E-2 0.665E-2150,000 143.1 0.758 0.113 0.129 [ 0.067 0.934 0.157E-2 0.180E-2

200,000 236.5 1 0.882 0.057 0.061 ] 0.031 0.969 0.595E-3 0.634E-3
15
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Figi _'e 6. Selected Mission Data

Example: Mission to Jupiter (Round Trip)
Mass Ratio, Trip Time, & Thrust -to-Weight vs. Specific Impulse

Alpha = 25 kW/kg

I : _ LOCI0 _ / :0608!250

:, . 0.2 _f_/ 0 2

0 0 I'_ I 1 I 0
so_oo teo_oo t_o_o 2oo,ooo o 5o.ooo loo_o _5o_oo 2oo.ooo2_0,000

; o,oi

0.1_$

0.0025 2S0

so.ooo _oo,o_ _so,ooo 2oo.ooo 2so.ooo o so.ooo _oo.ooo _so,ooo 2oo.ooo 2so,ooo

Table 2. Selected Mission Data

Isp = 200,000 See
Specific Time Payload S_cture Total 1st Bum c/Vc F/Wt F/Wt
Power (days) Ratio Ratio Prop Prop Initial Final :

*_ (kW/kg) Ratio Ratio Accel(_'s) Decel(_'s)
25 94_;.1 0.882 0.057 0.061 0.015 0.969 0.149E-3 0.158E-3
50 49'7.._i 0.788 0.100 0.112 0.029 0.943 0.520E-3 0.585E-3

75 349.7 0.711 0.132 0.156 0.041 0.920 0.103E-2 0.123E-2
II I Ill I I

. 100 2740. 0,647 0.158 0.195 0.051 0.900 0.165E-2 0_.04E-2
250 134.8 0.407 03_6 0357 0.099 0.812 0.614E-2 0.956E-2

! i |! IIII II I

._00 84.8 0.228 0.266 02507 0,149 0.724 0.138E-1 0.280E-I

..... 'o'hi ..........750 66.7 0,140 0,264 C595 . 0.666 0.207E-I 0.5IOE-I

1000 57.1 0.090 0.255 0.655 0.206 0.624 00,66E-1 [ 0.771E-1 ,

Alpha = 25 kW/kg
• Specific Time Payload Structure Total Ist Bum c/Vc F/Wt F/Wt

Impulse (days) Ratio Ratio Prop Prop Initial Final
(See) Ratio Ratio Accel(g's) Decel(_'s)

50,000 181.1 0.028 0.228 0.744 0.247 0.554 I 0_38E_2 0.927E-2

100,000 317_ 0.468 0219 0.313 0.086 0.837 I 0.I14E-2 0.166E-2

150,000 572.6 0.758 0.113 0.129 ' 0.033 0.934 0.392E-3 0.450E-3
200,000 946.1 0.882 0.057 0.061 0.015 0.969 0.149E-3 0.158E-3

16
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, Table 3. Equation Summary
.... 1Bum 2Bum 4 Burn

Flyby Rendezvous Retold_h_l,
Tom
Distan_ 03) f3_ f52)

Optimized
" T_ Tn_ 06) (37)&Os) ¢_2)&¢38)

Position Velocity AcceleratiOn
Acceleration

Phase (12) (20) (25)
i

Deceleration
Phase (24) (21) (2b")

Tocheckthe validityoftheseresults,a seriesof integratedcomputerrunswereperfoemedusing_ian
existing,highfidelityinterplanetarytrajectoryoptimizationroutines A.few of theresultsof these runsar_
superimposedonto the datagen_ated andareshownin the lastpl Figures$ and6. Itwasfoundthat_t
these high powerlevels andwithaccelerationswell in excess of th_ ,-_al accelerationdue to solargravityl_rip
timeresultsagreedwithin 1%forrendezvousand6% for roundtripmissions. Thelargererrorin roundt_ip
timeswas noticeableincases wheretraveltimes wherea considerablefraction(orgreater)of one Earthyear.
Inthese oases,the integrationprogramsignificantlyalteredthe outgoingtrip to accommodatethe changein
relativepositionof theEarthuponreturn. Sincethe approachoutlinedin this paperdoes notaccountfor
change intherelativepositionsof theplanetsimplicitly,closeragreementforroundtrip missionsis limitedto
the time scalessimilarto those ofrendeTvousmissions. Table3 providesan overallsummaryofpertinentU'ip
timerelatio_ andequationsofmotionforthe analyst.

, CONCLUSIONS
!,

" " A simple,analyticapproximat/onwasshowntoprovideameanstoreadilycalculatetript/meand
, performanceofpropulsionsystemsofveryhighI_& aforhumaninterplanetaryspacemissions.Simultaneous

solutionoftwoequationswasshowntobeallthatwasnecessarywithouthavingtoresorttocomplexcomputer
programstointegratetrajectories.Thesimplifyingassumptionsofonedimensionalmotion,field-freespace.
constantthrust/I_cc,andnearstraightline(radial)trajectoriesbetweentheplanetspermitteddataofsu_cient

: '. accuracyto be generated,providinginsightinto the relationshipsbetweendistance, I_, anda. An optimizing
-. parameterwas includedtomaximizeperformanceandminimizetriptime. Exampledatawas providedfor

rendezvous androundtripmissionsto Jupiter,illustraSngtriptimesandpayloadmass fractionsfora wide
rangeofl_ and oz. Resultsindicatedthatapropulsion sTstemtechnologymustbe capableof I_'s of atleast

; ' 50,000 secondsanda's of atleast 100kW/kgto travelto Jupiter in 6 weeks (rendezvous)andstill allowfor a
3%payloadmassfraction. Overallresultswereshownto agreewithin1%and6%(rendezvousandroundtrip,
respectively)of dataindependentlygenerated,verifyingthatforpreliminaryanalysis,a technologyplannerneed
notresortto large, high fidelitycomputerprogramsthatrequireexpertoperatorsin orderto accurately
characterizethe propulsionsystemparameter-space.Comparisonof data betweentwo-burnrendezvousand
four-bumroundtripmissions illu.ctratedthe extremeattractivenessof in site refueling at the destinationplanet.

": Fewpropulsiontechnologiesh_vebeen identifiedth_qta,e expectedto be capable of providingsuch
_.' demandingI_'sanda's.InertialconfinementfusionsS'stemsmaybecapableofI,)'sbetween50.000to
- 270,000 secondsanda's as largeas 100 kW/k8_. Antiproton-catalyzedfusion andantiprotonennihilation

._ are other potentialspacepropulsionconcepts thatareexpectedto operateat orbeyondthisregime.
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: NOTATION

- A acceleration(fl/sec**2)
a specificpower (it lbf/(sec Ibm))
c exhaustvelocity(R/see)= gJ.p
F thrustObO
g gravitationalacceleration:32.1739 (R/see**2)
& conversionconstant:32.1739 0bm/lbf)(R/sec**2)
I.p specificimpulse 0bf sec/Ibm)= thrustper massflow rate

" _. propellantmass fraction(_dO
M mass 0bin)
_1 overallpropulsionsysteme_cien_
P jet power(it lbf/sec)
S distance(R)
t time(see)

:. T triptime(s_)
V, characteristicvelocity(ft/sec)
V velocity(_sec)
AV velocityincrement(R/see)
W weightObf)

Subs_pts
0,l,2,3,4_alsionsystembums&phasesofflight
f final
i initial
p propellant

" . pay usefulpayload
s _ (inoltgiingtankage& powersupply) '.
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